ABSTRACT The use of singlets, cascaded singlets, and doublets in a coaxial substrate integrated waveguide (SIW) technology is proposed in this paper, with the aim of implementing low-loss filters with very compact size and highly selective symmetric, asymmetric as well as dual-band responses. Singlets based on coaxial SIW resonator structures with source-load coupling are presented and studied. Then, different filter examples based on N cascaded singlets are designed, fabricated, and measured at 7.5 GHz, with up to N transmission zeros that can be easily located below and above the passband. Moreover, the application of doublets based on a dual-mode coaxial SIW resonator with source-load coupling for achieving extremely compact dual-band filters is presented, and two examples with different bandwidth configuration for each channel are designed, demonstrating the flexibility of the proposed coaxial SIW structure. The obtained experimental results of the differently implemented filters show a good agreement with simulations, thus confirming the interesting potential application of these structures for the design of very compact devices with advanced filtering responses.
I. INTRODUCTION
The design of high selectivity filters have usually relied on the introduction of transmission zeros (TZs) at finite frequencies. Different techniques have been extensively researched with this goal. These include the introduction of cross-couplings between non-adjacent resonators, which has been broadly explored in waveguide [1] , [2] , planar [3] , [4] and substrate integrated waveguide (SIW) technologies [5] - [10] , or the use of extracted-pole synthesis methods in order to produce asymmetric responses with flexible allocation of TZs [11] . Together with the former considerations, there is also an increasing need of further reduction on the size and cost of microwave filters, as well as providing extra functionalities like frequency tuning [12] , filter response reconfiguration [13] or
The associate editor coordinating the review of this manuscript and approving it for publication was Lin Peng. multi-band operation [14] , [15] . And this is imposing additional constraints on the previously indicated filter topologies. They are not always well-suited for satisfying the new demands on small size and low complexity filters, due to the complicated routing schemes involved, the dispersive behavior of mixed electric and magnetic couplings, and the extra size required for pole extraction.
Singlets, cascaded singlets and doublets are also extremely useful building blocks for compact high-selectivity microwave filters [16] - [19] . These topologies enable us to design filtering responses having N TZs with N resonant elements by providing additional paths between source and load. Thus, the synthesis of advanced filtering responses can be easily achieved by using non-resonating nodes (NRN) to cascade N singlets.
In this context, the definition of singlet was firstly envisaged in [16] , where it was defined as the most basic building block for modular design of elliptic filters that contains one resonator and generates one TZ. Indeed, the idea of exploiting additional couplings between the source-load and resonators to generate N finite TZs with N resonators had been proposed by Amari et al. [20] , where a comprehensive synthesis technique of coupled resonator filters with source/ load-multiresonator coupling is shown.
However, such interesting structures have not been extensively reported in SIW technology [18] , [19] , [21] . For instance, cascaded singlets based on oversized SIW cavities have been just recently proposed for implementing dual-band band-stop filters [18] . Furthermore, SIW mushroom-shaped resonators have been also used for implementing quasi-elliptic filters [19] , although at the cost of a more complex manufacturing process and lower EM performance. Finally, in conventional dual-mode SIW filters, the interaction of the coupling ports and the location of a perturbation via introduced at the SIW cavity corner has been investigated to introduce multiple TZs at one side or both sides of the passband [21] . Note that, in this approach, to provide multiple paths, the fundamental TE 101 mode plays the role of NRN. Even if a more flexible design and enhanced performance responses are achieved, filter miniaturization cannot be easily implemented using the proposed approach.
In this context, coaxial SIW structures present important advantages for implementing filters with advanced responses due to their low loss, compact size, tuning capabilities and easy integration. Thus, the use of cascaded singlets in coaxial SIW has been already demonstrated in [22] for the introduction of TZs below the passband, generating highly-selective asymmetric responses. Moreover, doublets based on dual-mode coaxial SIW resonators were also proposed in the same work for the design of quasi-elliptic single band filters. In this paper, the concept of coaxial SIW singlet is generalized and extended in order to be able to locate the TZ selectively below or above the passband, by using electric and magnetic coupling for the source-load path of the structure. Such building block can then be used to perform filters with symmetric quasi-elliptic response, or asymmetric responses with steep filter skirts, based on cascaded singlets. In addition, the proposed approach is also here extended to the dual-mode coaxial SIW cavity [23] with the aim of designing highly-selective dual-band filters with a high degree of miniaturization.
To validate the proposed topologies, several filter designs are shown in the following Sections. First, Section II presents the working principles of the proposed coaxial SIW singlets. Then, in Section III, two different filter examples using two cascaded singlets are presented, showing different distributions of the TZs below and above the passband. Moreover, a filter with three cascaded singlets is also presented showing that this structure can be easily scaled. Finally, in Section IV, the design of a novel dual-band topology based on coaxial SIW doublet is proposed and experimentally demonstrated by means of different filter examples. Fig. 1 shows the routing schemes of a singlet, where grey numbered circles are resonator nodes, S, L and m s1 stand for source port, load port and main direct coupling, respectively. Finally, m sl represents the cross coupling, which can be based on an electric (dashed line) or magnetic (solid line) coupling mechanism. As firstly demonstrated in [16] , the singlet consists of a first order topology able to produce a TZ either below or above the transmission pole. Indeed, the singlet provides two possible paths that connect the source and the load: the main path S-1-L and the direct path S-L. This filtering configuration has been widely studied and validated with different technological realizations; for instance using planar circuits [16] , classical waveguide [17] , [24] , and more recently SIW technology [18] , [19] , [22] .
II. SINGLET IN COAXIAL SIW
The objective of this work is to implement singlet topologies in SIW technology that are able to generate TZs in a flexible way whereas keeping very compact size, low-cost batch fabrication, and moderate-to-high unloaded quality factor (Q u ). Hence, the direct path S-L is chosen to be implemented by means of an embedded direct bypass coupling. This is in contrast to the approach used in previous works, such as [18] , where higher order modes excited in oversized SIW cavities are providing the direct source-load coupling, with a cost in terms of filter miniaturization.
Using the approach proposed in [2] to illustrate the introduction of TZs in coaxial cavity resonator filters, the working principle of the singlet can be explained looking at the phase shift of the two possible signal paths. When this phase shift is approaching 180 • , an out of phase condition is achieved, thus a destructive interference between the signal paths generates a TZ in the frequency response. In this context, let us view the singlet as a two-port device, and, as proved in [2] , let us consider that:
• If the input signal is below the resonant frequency f 0 , thus below the passband, the phase shift introduced by the resonator is approaching +90 • . In the case of input above f 0 , the phase shift tends toward −90 • .
• Electric (negative) coupling mechanisms, which are represented by series capacitors, provide a +90 • phase shift to the incoming signal.
• Magnetic (positive) coupling mechanisms, which are represented by series inductors, provide −90 • phase shift to the incoming signal. Since an embedded direct source/load coupling m sl is now used to provide the direct path for signal passing through the singlet, the position of the TZ only depends on the sign of the bypass coupling m sl , thus on the type of coupling mechanism that is chosen. Indeed, if m sl is electric, the TZ appears below the passband because the two paths are out of phase below f 0 (i. Once the general position of the TZ with respect to the transmission pole is defined by choosing the sign of m sl , its exact frequency position can be analytically computed as a function of the magnitude of m sl as follows
where TZ is the normalized angular frequency. Hence, the frequency of the TZ can be determined by using the standard frequency transformation from low-pass to bandpass filter responses
where C = 1 rad/s, FBW and ω 0 are, respectively, the fractional bandwidth and centre angular frequency of the filter response, and ω is the real angular frequency.
A. COAXIAL SIW RESONATOR
In this work, the building block of the singlets is a microwave resonator implemented in coaxial SIW topology, following our recent approach described in [22] . The coaxial topology was recently proposed as a direct translation of the classical resonator of combline waveguide filters to a substrate integrated technology. This solution was proposed and extensively studied for implementing compact bandpass filters (BPFs) in several works, involving in-line direct couplings [25] , [26] as well as cross-couplings [10] , [27] , [28] for implementing quasi-elliptic responses.
Coaxial SIW filters present important advantages in terms of compactness, and can easily accommodate magnetic and electric couplings in a single-layer structure, suitable for batch production using low-cost PCB fabrication procedures. Additionally, the structure can withstand moderate power levels, both in continuous and pulsed signal conditions, as proved in [26] . As Fig. 2 shows, in a coaxial SIW resonator, the inner post is short-circuited at the bottom metal layer and open-ended VOLUME 7, 2019 at the top side. Thus, the resonator may be approximated as a piece of circular-square coaxial line of length h and characteristic admittance Y 0 embedded into the dielectric substrate [25] . The external square conductor is composed by the via hole walls that form the SIW cavity, while the coaxial inner circular conductor is the central plated post. The TEM-mode resonant frequency is given by the condition B(ω) = 0, B being the susceptance of the coaxial resonator, which can be expressed as
where β is the TEM-mode propagation constant, C l is the loading capacitance, and Z 0 is the coaxial line characteristic impedance.
In this context, the properties of a coaxial SIW resonator are defined by several parameters, thus increasing the design flexibility of such structures. Specifically, the laminate thickness h, the SIW cavity side l c , the inner post diameter d i , the perimeter and width g l of the patch isolating gap (i.e. establishing C l ) allow us to fix the resonant frequency f 0 to its right value. These parameters are also set by adjusting the resonator slope parameter b, which basically defines the miniaturization degree of the resonator.
As it has been explained in [29] , the susceptance slope parameter b for resonators having zero susceptance at ω 0 is defined as
Hence, taking into account (3), the slope parameter for the proposed coaxial SIW topology can be particularised as follows
where θ 0 is the resonator electrical length at the desired resonant frequency f 0 (i.e. θ 0 = β 0 h).
B. SINGLET WITH TZ ABOVE THE PASSBAND Fig. 2 depicts the layout of the coaxial SIW singlet with a TZ below the passband that was recently reported in [22] . The equivalent circuit of the proposed SIW singlet is depicted in Fig. 2 -(c). The latter reflects the fact that an electric coupling scheme enables a flexible direct source/load coupling m sl (see Fig. 2-(b) ) that bypasses the resonating mode and generates a singlet response. In this context, Fig. 2 -(d) shows the practical implementation of such coaxial SIW singlet and its measured results [22] , whose agreement with 3D EM simulation is remarkable. Such bypass is easily implemented by means of an additional distributed capacitance that is created on the CPW feeding line. As well known, the fundamental TEM mode of coaxial SIW resonators can be excited by means of an electric coupling mechanism based on a distributed capacitance [10] , [28] , embedded into the dielectric. shows that the capacitance associated to m sl is controlled by the spacing g sl and width w sl . It is remarkable that a single layer PCB fabrication is still suitable for implementing such topology, thus reducing cost and complexity of the solution.
As previously explained, if the m sl is based on a magnetic coupling mechanism, the TZ of the singlet appears above the transmission pole. To provide such a magnetic coupling in coaxial SIW topology, a standard CPW-to-SIW transition that makes use of a current probe is employed, as shown in Fig. 3 . This excitation mechanism, whose first demonstration was provided in [30] , has been recently proposed as an effective mechanism for the external coupling of evanescent mode SIW filters [14] , [28] .
Therefore, a plated via hole having diameter d sl is now inserted at the end of the CPW feeding lines, and is then short-circuited to the bottom ground plane. The plated via hole can be seen as an extension of the CPW feeding line, which should be terminated by an open circuit immediately following the plated via hole. As proved in [30] , the current flowing through the plated via hole generates a magnetic field that excites the fundamental mode of the resonator, which is, in our case, the TEM mode of the coaxial SIW cavity. Taking into account that the TEM mode shows a high current that flows through the inner via hole having diameter d i , this mechanism provides an effective way to excite the coaxial SIW fundamental mode, as it is clearly visible in Fig. 3-(d) .
It is worth mentioning that in order to obtain such magnetic coupling feature by using the proposed mechanism, it is crucial to ensure ground planes among both the spacing gaps of input and output CPW feeding lines, and between those lines and the loading capacitance, as depicted in Fig. 3-(b) . By doing that, it is possible to avoid fringing fields among these isolated conductors, thus eliminating the electric coupling component and enhancing the total coupling.
Indeed, as proposed in [28] , when these current probe holes inserted at the end of the feeding lines are faced each other with the only separation of an air gap, a mixed coupling mechanism is generated. The magnetic component relies mostly on the separation of the plated holes, whereas the electric component depends on the width of the air gap between feeding line conductors. Since these two couplings are out of phase, the total coupling can be extracted as the magnetic coupling minus the electric coupling. Such property was exploited in [28] to produce an external coupling cancellation at specific frequencies, which allows us to generate additional TZs in the frequency response of coaxial SIW filters.
Finally, the great advantage of this solution is the simple introduction of a magnetic bypass coupling between source and load by approaching the input and output feeding lines to each other, and especially their coupling posts. Furthermore, this solution is perfectly compatible with low-cost singleside PCB fabrication processes, whereas it maintains the high miniaturization degree of the coaxial topology. In fact, such coaxial SIW resonator configuration provides more than 45% of resonant frequency reduction with respect to a standard TE 101 SIW cavity resonator, being comparable to the size of a half-mode SIW implementation, but showing a higher Q u .
1) DESIGN
Let us consider a singlet whose frequency response shows a transmission pole at 7.5 GHz, in-band return loss (RL) of 15 dB, whereas the FBW 3dB has been set to 4.5%, as shown in Fig. 4 . Specifically, the resonator slope parameter b has been set to 24.5 mS, thus the resonator parameters are: coaxial characteristic impedance Z 0 = 91 , resonator electrical length θ 0 = 26 • at 7.5 GHz, and capacitive patch C l = 480 fF (i.e. l lx = l ly = 3 mm with g l = 0.2 mm). In addition, let us consider the use of a 1.52 mm-thick Rogers R04003C laminate with permittivity r = 3.55 as dielectric substrate. By setting the inner via diameter at d i = 0.6 mm, the SIW cavity size becomes l c = 10 × 10 mm 2 . It is worth mentioning that this coaxial SIW configuration is able to reduce f 0 of about 36% if compared to a standard TE 101 approach (i.e. from 11.8 GHz to 7.5 GHz).
By using the magnetic m sl , the TZ is generated above the passband, at 8.5 GHz. Fig. 4 shows the theoretical and simulated responses of this singlet, whose coupling matrix elements are: m s1 = 0.66, m sl = 0.083, and m 11 = 0.
Basically, the TZ position is defined by two distinct parameters, which are the coupling post diameter d sl and the separation s sl between the coupling posts of the input and output feeding lines (see Fig. 3-(b) ). Indeed, Fig. 5 shows how the TZ may be finely set by adjusting d sl (see Fig. 5-(a) ) or s sl (see Fig. 5-(b) ). In the latter case, separating the coupling posts from 1.55 mm to 2.05 mm, the TZ location may be set in a frequency range of about 600 MHz, from 8.2 GHz to 8.8 GHz.
Furthermore, the separation s e among the CPW coupling posts and the center post of the coaxial SIW defines the magnitude of m s1 . The energy coupled into the coaxial SIW resonator increases for smaller s e , as it is visible in Fig. 6 , thus achieving higher m s1 .
However, due to the working principle and layout geometry of this magnetic coupling, the values of m sl and m s1 have a slight mutual dependence. On one hand, the distances s e and s sl are both dependent variables of the positions of the same via holes. On the other hand, as for the m sl , the energy transfer from the CPW coupling post to the center post relies upon the via hole diameters, which are d i and d sl . This means that the design of a magnetic-based singlet is more time consuming than that of the electric-based singlet demonstrated in [22] .
III. CASCADED SINGLETS IN COAXIAL SIW
A key feature of using singlets for designing bandpass filters is the extremely high modularity of this solution. By cascading N singlets, the design of elliptic filters of order N having N TZs in the frequency response is enabled, showing also the remarkable ability of each singlet to independently control its own TZ. In order to validate the performance of the proposed singlet concept, the next three examples of advanced filtering responses, based on the guidelines from Section II, are considered:
• A two-pole BPF having two TZs above the passband in Section III-A.
• A two-pole BPF with two TZs at both sides of the passband in Section III-B.
• The latter example in Section III-C is a third order BPF with three TZs, two of them below and one above the passband. It is worth mentioning that to cascade adjacent singlets, a NRN is used as coupling mechanism. In this work, a quarterwave CPW section created at the top metal layer, and embedded into the resonators, is used as NRN. The NRN layout is shown in Fig. 7-(b) , which highlights that the main parameters of such piece of CPW line are its length l nrn , its width w nrn and the spacing gap g nrn .
The substrate laminate that has been chosen for implementing the three proposed designs is again Rogers R04003C substrate ( r = 3.55 ± 0.05, tan δ = 0.0027 at 10 GHz) having thickness of 1.52 mm. All 3D EM simulations that will be shown in the following sections have been obtained by using Ansys HFSS.
A. CASCADED SINGLETS WITH TWO TRANSMISSION ZEROS ABOVE THE PASSBAND
In the first example, a narrow-band BPF centered at f c = 7.5 GHz with a fractional bandwidth FBW 1dB = 4.6% (i.e. BW = 340 MHz) and RL = 15 dB is designed, fabricated and measured. By cascading two coaxial SIW singlets featuring magnetic m sl , the rejection of the second-order BPF can be strongly improved above the passband thanks to the introduction of two TZs. The filter routing scheme is shown in Fig. 7-(a) , where numbered grey circles are coaxial SIW resonator nodes, patterned circles indicating (N 1, N 2) are non-resonating nodes, whereas S, L are source and load port, respectively. Furthermore, m si are main direct couplings, and m sl,i are cross couplings. Finally, the values of filter coupling matrix elements are shown in Table 1 . Fig. 7-(b) shows the filter layout. Since the TZs will appear above f c in this configuration, the self-resonance of the NRN f nrn is now designed to be much lower than f c . Thus, the NRN length has been increased up to 13.4 mm, so that f nrn is now centered at 5 GHz. In this context, Table 2 shows the main sizes of the designed two-pole filter.
The separation among coupling posts s sl1 and s sl2 independently control, respectively, the position of each TZ. In this design, these are generated at f c + 3 × BW = 8.5 GHz, and f c + 6 × BW = 9.5 GHz. Hence, the filter would provide a rejection better than 40 dB from 8.2 GHz up to 10.2 GHz.
Finally, the SIW cavity side is l c = 9.8 × 9.8 mm 2 , and the inner d i is set to 0.6 mm. The resonators show the same characteristics of the singlet of Section II-B, whose parameters are: b = 24.5 mS, Z 0 = 90 , θ 0 = 25.9 • , and C l = 480 fF. However, the final size excluding the feeding lines of the cascaded singlets has been widened by the longer NRN, being 9.8 × 24 mm 2 that corresponds to 0.25 × 0.6λ 2 0 and 0.46 × 1.13λ 2 g , where λ g is the guided wavelength at 7.5 GHz.
1) MEASUREMENTS
This prototype with cascaded singlets has been fabricated in a single-layer PCB process by using an etching fabrication process (i.e. based on a photo-imageable film application followed by a photo-exposure) with electroless nickel immersion gold (ENIG) finishing. Such process shall allow us to implement lines and isolating gaps with a width of less than 0.2 mm.
Lossless theoretical and simulated responses are shown in Fig. 8-(a) . The measurements of the fabricated device are shown in Fig. 8-(b) , where the initial and back-simulations are included, whereas a photograph of the filter prototype is visible in Fig. 8-(c) . Indeed, the filter response has suffered a frequency shift from 7.5 GHz to 7.7 GHz (i.e. +2.7%) due to the non-vertical edges of the capacitive patch gaps, and the reduced final finishing thickness. By using a stylus profilometer, the latter has been measured to be around 30 µm instead of the expected value of 50 µm. Such deviations of the component sizes have been included in the 3D model, and additional EM simulations (i.e. a back-simulation approach) have been performed and shown in Fig. 8-(c) . As it can be clearly observed, both deviations affect the final value of C l , which is slightly lower than the nominal design value, thus justifying the frequency shift to higher frequencies that has been measured.
Apart from the frequency shift, the filter response is in good agreement with simulation results. The measured IL and RL are, respectively, 2.2 dB and 21 dB, which are similar to the simulated values of IL = 1.9 dB and RL = 15 dB.
From measurements, the extracted Q u of the singlets is around 150. The TZs are located 1 GHz and 2 GHz above the filter f c (i.e. at 8.7 GHz and 9.7 GHz), providing more than 40 dB of rejection between 8.5 GHz and 10.5 GHz, which are values comparable to the desired ones.
B. CASCADED SINGLETS WITH TWO TRANSMISSION ZEROS AT BOTH SIDES OF THE PASSBAND
Combining the singlet with magnetic m sl described in Section II-B and the singlet with electric m sl already described in [22] , it is possible to exploit the modularity of such approach. This enables us to design a two-pole filter with TZs located at both sides of the passband, whose routing scheme is shown in Fig. 9-(a) . The layout of the proposed device is shown in Fig. 9 , whereas its main dimensions are listed in Table 3 . As for the cascaded singlets of Section III-A, to implement such filtering response the two singlets are cascaded by means of the quarter-wave CPW NRN structure. Specifically, the proposed BPF with TZs at both sides of the passband has been designed to be centered at the very same frequency of the previous devices, which is f c = 7.5 GHz, having FBW 3dB = 5% (i.e., which means that the filter BW = 375 MHz) and RL = 15 dB. It is worth mentioning that the NRN has been optimized to show a resonant frequency below 4 GHz, thus far below f c . The coupling matrix elements of such desired frequency response are shown in Table 4 . 10-(a) and (b) demonstrate how the position of both TZs can be controlled independently by adjusting the related bypass coupling magnitude. As for the singlets previously described, the distance s sl,1 is setting the TZ that is generated above the passband (see Fig. 10-(a) ), whereas the position of the lower TZ is controlled by g sl,2 (see Fig. 10-(b) ). It is worth noting that the filter RL slightly changes when the magnetic bypass coupling is modified, as it has been explained in Section II-B. Finally, m sl,1 and m sl,2 have been set to generate the lower TZ at f c − 3.5 × BW = 6.2 GHz, and the upper TZ at f c + 4 × BW = 9 GHz.
Theoretical and simulated responses of this BPF are shown in Fig. 11-(a) . On the other hand, a comparison between simulations, measurements and back-simulations are shown in Fig. 11-(b) , whereas Fig. 11 -(c) depicts a photograph of the manufactured filter prototype. Since this filter prototype has been fabricated in the same manufacturing batch of the BPF presented in Section III-A, the aforementioned manufacturing problems are also affecting the response of this filter. Indeed, in this case the filter response has been shifted from 7.5 GHz to 7.85 GHz (i.e. +4.7%).
The measured IL and RL are in good agreement with the simulated values. On one hand, the measured RL is 12 dB, instead of being 15 dB. On the other hand, the measured in-band IL varies from 2.5 dB at the upper cutoff frequency of passband to 3.8 dB at the lower one, whereas, in simulations, this IL variation should be from 2 dB to 2.8 dB. The in-band flatness is more than 1 dB, due to the unequal Q u of the resonators which have different configurations. Specifically, from measurements, the Q u of the first singlet has been estimated to be close to 150, whereas the Q u of the second one is approximately 100.
Despite the frequency shift, the positions of the TZs show a high concordance among back-simulations and measurements, thus confirming the flexibility of the proposed solution.
C. THREE CASCADED SINGLETS WITH THREE TZS
In the last example of BPF based on cascaded singlets, the design modularity is proved by designing a third-order elliptic filter with two TZs below, and one TZ above the passband. This filtering response can be implemented by cascading three singlets with different source-load coupling mechanisms. The filter centre frequency is again f c = 7.5 GHz whereas the FBW measured at the level of RL = 15 dB is 5% (i.e. BW = 380 MHz). The singlets are coupled among them by means of the quarter-wave CPW NRNs, whose resonant frequencies are much lower than the filter f c . For instance, in this design, NRNs resonate around f nrn 4 GHz, as it can be seen in Fig. 13-(a) . In this context, the coupling matrix elements of the frequency response can be seen in Table 5 . Fig. 12-(a) shows the three cascaded singlets layout, while in Fig. 12-(b) the theoretical and simulated results are compared. The main dimensions of this filter are shown in Table 6 , where p d is the pitch between adjacent holes forming the cavity sides.
It is worth mentioning that the overall BPF size is 9.8 × 28.5 mm 2 (i.e. 0.25 × 0.71λ 2 0 and 0.46 × 1.34λ 2 g , where λ g is the guided wavelength at 7.5 GHz) excluding the feeding lines, which exhibits an important degree of miniaturization with respect to standard SIW approaches. Two singlets having electric cross-coupling have been used as first and third resonator to generate two TZs below the passband. More specifically, the farthest TZ is located at 5.5 GHz, thus 2 GHz below f c , and the other one is centered at f c − 2.5 × BW = 6.55 GHz. On the other hand, one TZ is generated above the filter passband by the second cascaded singlet, which has a magnetic m sl . This upper TZ has been set at f c + 2.25 × BW = 8.35 GHz. It is remarkable that three TZs have been introduced in a standard in-line filter topology without the use of any cross-coupling between non-adjacent resonators.
1) MEASUREMENTS
For verifying the proposed filter configuration, a prototype of the quasi-elliptic BPF of Fig. 12-(a) has been implemented using again a 1.52 mm-thick Rogers R04003C ( r = 3.55, tan δ = 0.0027 @ 10 GHz), and fabricated in single-layer PCB process. A photograph of the fabricated filter is shown in Fig. 13 , together with its simulated and measured responses that give us an indication of the good agreement between them, even if a frequency shift of the measured response is again visible. Specifically, the aforementioned manufacturing problems are also affecting the response of this filter, resulting in a shift of the passband center from 7.5 GHz to 7.67 GHz (i.e. +2.2%).
The measured RL is now 11 dB at 7.7 GHz, which is slightly worse than desired, whereas the filter FBW keeps the designed value. Furthermore, the measured in-band IL varies from 3.5 dB at the upper cutoff frequency of the passband to 4.5 dB at the lower one, which means that there is a very good agreement between simulations and measurements. For instance, at these specific frequencies, the IL has been estimated to vary from 3.3 dB to 4.2 dB including the ENIG finishing for the metal layers in the 3D model. Therefore, the in-band flatness is around 1 dB in both case, which is mainly due to the unequal Q u of the distinct coaxial SIW resonators. From measurements, the Q u of the first and third singlets with electric m sl are estimated to be close to 100, whereas the Q u of the second singlet having magnetic m sl is approximately 150.
A further analysis of the results of Fig. 13-(a) shows that the rejection is better than 48 dB between 4.5 GHz and 6.7 GHz, and it is better than 25 dB above the passband, from 8.2 GHz to 11 GHz, showing excellent concordance with simulations. Above, as expected, the rejection worsens due to the first spurious mode of the SIW cavity that resonates at 12.5 GHz. 
IV. DOUBLETS AND DUAL-BAND FILTERS BASED ON DUAL-MODE COAXIAL SIW
In this section, the design of flexible dual-band filters based on a doublet filtering topology with bypass coupling are introduced, and demonstrated with the implementation and characterization of two prototypes.
As it is well known, a doublet presents two separate coupling paths between the source and the load that allow the generation of one TZ, whose position depends on the coupling coefficients and their relative signs [23] . In [22] , a fully integrated technique for generating an additional TZ in such topology was successfully proved by using a direct source-load path. Specifically, the direct source-load m sl coupling, which is based on an embedded electric coupling mechanism, enables the fine control of the position of the additional TZ. Therefore, such doublet topology, whose routing coupling path is shown in Fig. 14, allows for the design of extremely compact quasi-elliptic filtering responses. Note that, in Fig. 14, e1 and o1 indicate the evenand odd-mode resonator node, respectively, whereas m se and m so are the main direct couplings to the even-and odd-mode, respectively.
Such promising approach is now applied to the design of dual-band filters that feature two independently controllable bandwidths in just one single SIW cavity resonator, thus further enhancing the frequency-selectivity and the miniaturization degree provided by the dual-mode coaxial SIW topology, firstly proposed in [23] and [31] .
A. DUAL-BAND FILTERS BASED ON DOUBLETS
As a further demonstration of the design flexibility offered by the proposed doublet configuration with direct bypass coupling, two dual-band filters with TZs at both sides of the passbands, and with different bandwidth requirements, are designed, fabricated and measured. Figs. 15 and 16 show the layouts of the proposed dual-band filters, which are named in the following as filter DB1 (see Fig. 15 ) and filter DB2 (see Fig. 16 ), whereas the main dimensions of these devices are listed in Table 7 .
In those layouts, two different dual-mode coaxial SIW resonators have been inserted into the same SIW cavity, each one providing a different passband. For that, two pairs of plated via holes are symmetrically inserted with respect to the transverse side of the cavity, and at each side of the CPW feeding line, which is symmetrically placed along the longitudinal side of the SIW cavity. This configuration can be perfectly modeled by means of the coupling diagram of Fig. 17 . From this model, it can be deduced that both passbands can be independently controlled, since there is no coupling between the upper and lower side of the cavity (i.e., between each dual-mode resonator), which is a very interesting property. Another important feature is that this topology is able to provide up to four TZs placed at real frequencies, which can be used for the design of dual-band filters with very selective responses and high rejection levels between bands, as will be shown next.
The proposed dual-band topology enables us to use the electric coupling mechanism to implement completely independent external couplings for each dual-mode resonator. As Figs. 15 and 16 show, the spacing gaps g e,dL and g e,dH set, VOLUME 7, 2019 FIGURE 17. Routing coupling scheme of the proposed dual-band filter topology.
separately, the values of the embedded coupling capacitances that control the external coupling of each band. In addition, an inter-digital capacitor topology gives a straightforward approach for increasing the external coupling if required, as well as for boosting C l of a coaxial SIW resonator, following the approach proposed in [32] . To increase the external coupling in the lower band of the filter DB2, as it is shown in Fig. 16 , two insets are created, and are defined by the sizes l ex,dL and l ey,dL , as well as by the gap g e,dL . By increasing l ex,dL the external coupling can be easily increased.
Furthermore, square-shaped inter-digital capacitors are introduced in both lower bands of the filter DB1 and DB2, as it is visible in Figs. 15 and 16 , to provide a highly loaded coaxial SIW configuration that allows for a strong reduction of the center frequency of these bands. Indeed, both dual-band filters have a size of l 2 c,d = 8.1 × 9.2 mm 2 (i.e. 0.14 × 0.16λ 2 0 and 0.26 × 0.3λ 2 g , where λ g is the guided wavelength at 5.25 GHz), which implies a remarkable degree of miniaturization. It is, therefore, clear that the proposed approach is able to maximize the miniaturization of bandpass filters based on the coaxial SIW topology. Finally, the passband bandwidths are easily set by adjusting the TEM even and odd modes frequencies of each pair, which can be done by modifying the via hole separation s k,dL , s k,dH and the spacing gaps g k,dL , g k,dH .
In order to prove the design flexibility and the high degree of independence between bands during the design step, two dual-band filters with very different passband requirements are designed. On one hand, the dual-band filter DB1 is operating at 5.3 GHz and 7.85 GHz providing FBW 1dB = 8.2% (i.e. BW = 435 MHz) and FBW 1dB = 11% (i.e. BW = 870 MHz), respectively.
On the other hand, the filter DB2 operates at 5.25 GHz and 7.5 GHz, providing FBW 1dB = 12.8% (i.e. BW = 670 MHz) and FBW 1dB = 2.7% (i.e. BW = 200 MHz), respectively. Note that the frequency ratios of the second band to the first band are 1.48 and 1.42, respectively, for the filter DB1 and DB2.
The coupling matrix elements for these filters are listed in Table 8 . These values are computed for f c = 7 GHz (intermediate frequency between bands) and FBW = 50% (this bandwidth covers the two passbands for both filters).
Concerning the bypass coupling dimensions, in the filter DB1, the spacing g sl,d is set to 0.2 mm, while it is 0.12 mm in the filter DB2, thus, TZs are introduced with different separations to the passbands. It is worth mentioning that the position of TZs due to the dual-mode configuration is slightly affected by the magnitude of the bypass coupling m sl . This means that a few iterations may be needed to optimize the design by using simulations.
1) MEASUREMENTS
Simulations, measurements, and back-simulations of the prototypes of the filters DB1 and DB2 are shown, respectively, in Fig. 18-(a) and Fig. 18-(b) , and a photograph of the devices is depicted in Fig. 18-(c) . A comparison between the simulated and measured results of the doublet prototypes is listed in Table 9 . Since the two dual-band filter prototypes belong to the same manufacturing batch of the previous cascaded singlets, a systematic frequency shift appears among simulated and measured responses of both devices.
TABLE 9.
Comparison between initial simulations and measurements for the filters DB1 and DB2 (Note: L = lower band, U = upper band, TZ 1 = lower TZ expressed as f tz1 /f cL and f tz1 /f cU , and TZ 2 = upper TZ expressed as f tz2 /f cL and f tz2 /f cU ).
Specifically, in filter DB1, the lower band has been shifted from 5.3 GHz to 5.65 GHz (i.e. +6.8%) and the upper band from 7.85 GHz to 8.4 GHz (i.e. +7%), whereas in the filter DB2, the frequency shift of the lower band is from 5.25 GHz to 5.7 GHz (i.e. +8.6%) and the upper band from 7.5 GHz to 7.95 GHz (i.e. +6%). Please note that these frequency shifts are justified by the bigger spacing gaps etched on the top metal layer and the thinner finishing thickness found in all manufactured prototypes. Therefore, manufactured resonators are less loaded than simulated ones and are centered at higher frequencies.
Nevertheless, the agreement between back-simulations (that include the aforementioned systematic tolerances) and measurements is good, especially in terms of in-band IL and FBW. Finally, the positions of the TZs seem to be in good agreement with back-simulations, and just the TZs that are generated above the lower bands of both filters are slightly moved with respect to the desired frequency positions.
V. NEW FABRICATION RUN OF THE DESIGNED FILTERS
As mentioned in the previous sections, the non-vertical edges of the spacing gaps and the thinner finishing thickness found in all manufactured prototypes were responsible for the frequency shift that can be observed between 3D simulations and measurements. To fully understand such filtering response deviations, the prototypes dimensions were extensively measured by using both an optical measurement system and a stylus profilometer. Then, back-simulations were performed accounting for these prototypes deviations, and, the previous measurement responses were fully recovered, as Figs. 8-(b), 11-(b), 18-(a) , and 18-(b) clearly proved. miniaturization and low-cost fabrication are easily achievable by using the proposed coaxial SIW topologies. Even if minor differences can be observed in the responses in terms of RL, the filters show RL always better than 12 dB.
VI. CONCLUSION
In this paper, a detailed study of the implementation of singlets, cascaded singlets, and dual-band doublets in coaxial SIW technology has been presented and proved by means of several BPF prototypes. Basic singlet topologies that allow the introduction of a TZ either above or below the transmission pole, are proposed and studied as a building block for implementing advanced filtering responses. Several two-pole and three-pole BPFs with two or three independent TZs were designed, fabricated and measured. The performance of these devices prove that enhanced selectivity, high miniaturization and low-cost fabrication are easily achievable by using the proposed topologies. Furthermore, the doublet concept based on a dual-mode coaxial SIW topology, and its application for the design of narrow-band and wide-band dual-band filters, have been practically demonstrated through the implementation of several compact solutions. VOLUME 7, 2019 
